Abstract. Icariin (ICA) is a pharmacologically active flavonoid glycoside that shows promise in the treatment and prevention of osteoporosis (OP). However, the mechanisms underlying the anti-osteoporotic effects of ICA remain largely unclear. The present study used quantitative polymerase chain reaction, western blot and immunohistochemical analysis to examine the effects of ICA on several key targets in the Notch signaling pathway in bone tissue in ovariectomized rats. It was observed that ICA has a pronounced beneficial effect on OP rats and inhibits the expression of peroxisome proliferator-activated receptor γ (PPARγ), CCAAT/enhancer binding protein α (C/EBPα) and fatty acid-binding protein 4 (FABP4) mRNA. In addition, it was identified that ICA downregulates the expression of notch1 intracellular domain (N1ICD) and Jagged1 proteins in bone tissue, and suppresses the effect of N1ICD on Notch2 mRNA expression. It is proposed that ICA inhibits the differentiation of mesenchymal stem cells into adipocytes by inhibiting the expression of PPARγ, C/EBPα and FABP4 mRNA via the Notch signaling pathway. In addition, it is proposed that ICA inhibits the expression of Notch2 mRNA by suppressing the effect of N1ICD. In conclusion, the results provide further mechanistic evidence for the clinical efficacy of ICA in the treatment of OP.
Introduction
Osteoporosis (OP) is a metabolic bone disease that results from an imbalance between bone resorption and bone formation. OP is associated with decreased bone mass and damage to bone tissue microstructure that leads to an increased risk of fractures (1) . As the world population ages, osteoporosis is becoming a global health problem.
Several drugs with a demonstrated anti-fracturative effects, achieved by inhibiting bone resorption or stimulating bone formation, are currently available for the treatment of OP (2) . Their use, however, is not free from limitations or side effects. Compounds extracted from traditional Chinese medicines have been found to be safe and effective for the treatment of OP (3) .
Icariin (ICA), a pharmacologically active prenylated flavonoid glycoside ( Fig. 1) , is one of the most abundant constituent in Herba Epimedii, a medicinal plant that has been used to treat OP in traditional Chinese medicine for thousands of years and is still currently used (4) . Recent studies have shown that ICA exerts a variety of pharmacological activities, including antioxidant activity (5) , immunoregulatory activity (6) , antitumor activity (7, 8) and estrogen-like activities (9, 10) . The promotion of osteogenesis (11) by ICA may be associated with its estrogen-like structure (12, 13) ; in addition, ICA suppresses bone resorption and osteoclastogenesis (14) (15) (16) .
Osseous tissue originates from mesenchymal stem cells (MSCs), which can differentiate into adipocytes or osteoblasts (OB) (17) . The Notch signaling pathway is an important regulatory pathway that serves a key role in bone metabolism. The Notch signaling pathway mediates signaling between bone cells and is involved in the proliferation differentiation processes of bone cells (18) . Notch proteins directly enhance osteogenic differentiation (19, 20) and indirectly suppress osteogenic differentiation by promoting adipogenic differentiation (21, 22) , resulting in a two-directional regulatory effect on the differentiation of MSCs (21, 22) . To date, however, little effort has been made to understand the effect of ICA on the Notch signaling pathway. In the present study, the effect of ICA on proteins in the Notch signaling pathway, and its effect Reagents. An alkaline phosphatase assay kit (cat. no. A059-2) was purchased from Nanjing Jiancheng Bioengineering Institute (Nanjing, China). Notch1 intracellular domain (N1ICD) and Jagged1 polyclonal antibodies were purchased from Abcam (Cambridge, MA, USA ).
Experimental design. Eighty-four rats were randomly divided into an ovariectomized (OVX) group (n=70) that would develop OP and a sham-operated group (n=14). After 12 weeks, rats underwent a dual-energy X-ray bone mineral density (BMD) test. Once the OP model was successfully established as previously described (23, 24) , the OVX group was randomly divided into the following five groups of 14 rats: A no treatment group (OVX-NT), a low-dose ICA group (ICA-L), a medium-dose ICA group (ICA-M), a high-dose ICA group (ICA-H) and a Fosamax-treated positive control group (FOS). The rats underwent treatment for 12 weeks.
ICA was dissolved in sodium carboxymethyl cellulose and administered by oral gavage. Fosamax was dissolved in distilled water and administered by oral gavage. The treatment regimens were as follows (Table I) 
Dual-energy x-ray absorptiometry (BMD).
After 12 weeks, BMD was tested by dual X-ray scans. The rats were then anesthetized using pentobarbital sodium (0.15 ml/100 g; Vortech Pharmaceuticals, Ltd., Dearborn, MI, USA) and whole body scans were conducted. Bone mineral densities of the whole body, femora, tibias, and fourth and fifth lumbar vertebrae (LV4, 5) were measured following sacrifice using an overdose of pentobarbital sodium (0.4 ml/100 g).
Micro-CT.
Tibia, femora and LV4, 5 were separated, dissected free of soft tissues and stored at -80˚C for subsequent analysis. The microarchitecture of trabecular bone in the right proximal femora and LV4 was analyzed by micro CT (60 KV, 50 W). The same specimen was scanned to obtain different section images Immunohistochemical staining. One third of the right distal femur was fixed with 4% paraformaldehyde and decalcified using the Aojiang decalcification method as follows: The femur was fixed in 20% EDTA for decalcification at 4˚C, dehydrated and embedded in paraffin. Five micron paraffin sections were prepared for immunohistochemical staining. Slices were dewaxed using xylene and hydrated with gradient alcohol. Endogenous peroxidase activity was quenched (using 3% hydrogen peroxide) and the slices were then incubated with Jagged1 primary antibody (1:1,000) at 37˚C for 1 h. The slices were then washed three times with phosphate buffer, incubated with streptavidin-horseradish peroxidase (HRP)-conjugated anti-rabbit secondary antibody (1:2,000; cat. no. 7074S; Cell Signaling Technology, Inc.) at 37˚C for 10 min and washed another three times with phosphate buffer. Diaminobenzidine-colored slices were then stained with hematoxylin and dehydrated using alcohol. Xylene was added and the slices were sealed using neutral gum. A light microscope was used to view the stains.
Reverse transcription-quantitative polymerase chain reaction (RT-qPCR).
Chopped rat femora were treated with liquid nitrogen and ground to a powder. Total RNA was extracted from the femora by triturating several times with TRIzol reagent (Thermo Fisher Scientific, Inc.) and allowed to stand at room temperature for 5 min. Chloroform (1/5 of the volume of Trizol) was added and the sample was blended in a vortex mixer. After standing at room temperature for 5 min, the mixture was centrifuged (12,000 x g) for 5 min at 4˚C. The top 70% of the aqueous phase (0.5 ml) was transferred to an Eppendorf tube and shaken with isopropyl alcohol (0.25 ml), 0.8 M aqueous sodium citrate solution (0.125 ml) and 0.125 M aqueous NaCl solution (0.8 ml). After standing at room temperature for 10 min, the mixture was centrifuged (12,000 x g) for 15 min at 4˚C. After washing twice with 75% ethanol, the sediment was dissolved in diethylpyrocarbonate (DEPC)-treated water (20 µl). Avoiding bubbles, RNA samples (1 µl) were placed in the spectrophotometer and the ratio (A260/A280) of absorbance at 260 nm (A260) and 280 nm (A280) was determined to provide an assessment of purity. Total RNA (1 µg) was reverse transcribed into cDNA. Template DNA was used in gene-specific PCR for PPARγ, C/EBPα, FABP4, Notch2 and GAPDH mRNA. Details of the primers are listed in Table II . qPCR for gene expression was performed in 96-well plates with a total reaction volume of 20 µl per well, comprising 2x SYBR green master mix, diluted gene primers (10 µl), cDNA (2 µl), forward primer (0.8 µl) or reverse primer (0.8 µl), and DEPC-treated water (6.4 µl). Quantitative analysis was performed using a Roche LightCycler 480 Sequence Detection System. Operating conditions were 95˚C for 30 sec, 95˚C for 5 sec and 60˚C for 30 sec, with a total of 40 cycles. The fluorescence signal was collected at the end of the second step of each cycle. Each sample was analyzed in triplicate and the average Cq was calculated. Gene expression was analyzed using the 2 -ΔΔCq quantification approach (25) .
Western blotting analysis. Rat femora were subjected to cell lysis to extract proteins. The concentration of total protein was determined using a BCA protein assay kit. Proteins (30 µg) were separated by 12% SDS-PAGE and transferred onto polyvinylidene difluoride membranes. Membranes were blocked with a buffer containing 0.05% Tween-20 and 5% defatted milk and reacted sequentially with primary antibodies against GAPDH and N1ICD (1:1,000) for 10 h at 4˚C and HRP-conjugated anti-rabbit secondary antibody (1:3,000) for 1 h at 25˚C. The membranes were washed and rinsed with enhanced chemiluminescence (ECL) detection reagents (EMD Millipore, Billerica, MA, USA). The band images were photographed using ECL. Immunoreactive bands were visualized using ECL substrates and an X-ray film processor. Protein expression was calculated using Quantity One ® software (version 6.0; Media Cybernetics, Inc., Rockville, MD, USA).
Statistical analysis.
Values are expressed as the mean ± standard deviation. The significance of the difference between two experimental groups was estimated by one-way analysis of variance. P<0.05 was considered to indicate a statistically significant difference. All statistical evaluations were performed using SPSS version 19.0 (IBM SPSS, Amronk, NY, USA).
Results
Establishment of the OP model. Twelve weeks after OVX, BMD of the LV4, 5, right femur and left femur was significantly reduced in the OVX-NT group compared with the sham-operated group (P<0.05), demonstrating that the OP model had been established successfully (Table III) .
ICA treatment increases BMD. BMD was measured using dual-energy X-ray absorptiometry. BMD was significantly lower (P<0.05) in the right distal femora, left primal femora and whole body bone regions in the OVX-NT group compared with the sham-operated group. In addition, BMD in the lumbar spine and right proximal femora were significantly reduced compared with the sham-operated group (P<0.01). BMD of the lumbar spine, the left proximal femora and right proximal femora in the FOS and ICA groups were significantly increased compared with the OVX-NT group (P<0.05 and P<0.01), except the ICA-H group in the lumbar spine. BMD in the ICA-M group showed the most significant difference compared with the OVX-NT group (P<0.01) (Fig. 2) .
ICA treatment improves bone trabeculae. Micro CT showed that the bone trabecular number in the right distal femora and LV4 was higher, and that the bone trabecular separation degree was smaller, in the sham-operated group compared with the OVX-NT group. In the OVX-NT group, the bone trabeculae were rod-shaped, thinner and fractured, and the bone trabecular separation was increased. Compared with the OVX-NT group, bone trabecular number was higher in the treated groups, particularly in the ICA-M and FOS groups. In the treated groups, bone trabecular thickness tended towards that in the sham-operated group. Although bone trabecular separation was reduced, some trabecular bone was missing. Bone trabecular separation increased in ICA-L group, but there displayed some improvement compared with the OVX-NT group (Fig. 3) . (Fig. 4) .
ICA inhibits the expression of PPARγ, C/EBPα

ICA inhibits the expression of N1ICD protein.
Western blotting showed that, compared with the sham-operated group, expression of N1ICD was significantly increased (P<0.05) in the OVX-NT group. Compared with the OVX-NT group, expression of N1ICD decreased in the ICA-M group (P<0.01) (Fig. 5) .
ICA inhibits the expression of Jagged1 protein.
Immunohistochemistry showed that Jagged1 was distributed in the bone marrow cavity on fat cell membranes. Compared with the sham-operated group, the expression of Jagged1 protein increased in the OVX-NT group and, compared with the OVX-NT group, the expression of Jagged1 protein Figure 3 . ICA treatment improves bone trabeculae. Microarchitecture of trabecular bone was analyzed using micro computed tomography. Bone trabecular number in the right distal femora and LV4 increased, and the degree of bone trabecular separation became smaller in the sham-operated group. Bone trabeculae were rod-shaped, thinner, and fractured and bone trabecular separation increased in the OVX-NT group. Compared with the OVX-NT group, bone trabecular number increased in the ICA-L, ICA-M, ICA-H and FOS groups, particularly in the ICA-M and FOS groups, where bone trabecular thickness tended towards that of the sham-operated group. Although bone trabecular separation was reduced, some trabecular bone was missing; bone trabecular separation increased in the ICA-L group, but there was some improvement compared with the OVX-NT group. OVX, ovariectomized group; OVX-NT, OVX-no treatment group; ICA-L, low-dose icariin group; ICA-M, medium-dose icariin group; ICA-H, high-dose icarrin group; FOS, Fosamax-treated positive control group; LV4, fourth lumar vertebra.
decreased in the ICA-M group (Fig. 6 ). The average density was determined using Image-Pro Plus version 6.0 image analysis software (Media Cybernetics, Inc.). Compared with the sham-operated group, the expression of Jagged1 protein increased significantly in the OVX-NT group (P<0.01) and, compared with the OVX-NT group, expression of Jagged1 protein decreased in the ICA-M group.
Discussion
Despite the lack of a clearly defined pharmacological mechanism of action, previous studies have demonstrated that ICA, extracted from the dried leaves of the medicinal plant Herba Epimedii, stimulates osteogenic differentiation in vitro and prevents bone loss in vivo (26) (27) (28) (29) (30) (31) . Because of its low toxicity and favorable side effect profile, ICA would be an attractive and promising candidate for the treatment and prevention of OP (30) . The present study helps to explain the pharmacological mechanism of action of ICA in preventing bone loss in OVX rats. Fosamax was chosen as the positive control since it is known to increase bone mineral density (31) . The present study shows that ICA effectively reduces bone mass loss in OVX rats, increases bone trabecular number and thickness, reduces the degree of separation of trabecular bone, and improves its morphological structure. ICA-M showed the most pronounced effect on these indices, indicating that ICA-M has the greatest therapeutic effect in osteoporosis and, perhaps, suggesting a bell-shaped dose-response curve.
A reduced capacity of MSCs for osteogenesis and an increased capacity for adipogenesis, which results in an imbalance between bone resorption and bone formation, serves an important role in the pathogenesis of OP (32) . These biological processes are partially regulated by the activation of the Notch signaling pathway, the primary focus of the present study.
The Notch receptor family consists of four receptors: 
A B
differentiation, proliferation and apoptosis. Campa et al (33) showed that the Notch1-Jagged1 pathway is active in MSCs during OB differentiation, indicating a regulatory role for Notch signaling in OB differentiation. Jagged1 is an essential ligand for activation of Notch in the early stages of chondrogenesis, but expression of Jagged1 is downregulated at later stages of the process (34) . NICD is one of the nuclear signaling molecules that suppresses differentiation of OB. Transfection with Jagged1 and Delta1 genes enhances the activity of alkaline phosphatase and increases mineralization (19) . This improves differentiation of mouse embryo MSCs through osteoblast induction, and suppresses the expression of lipogenic genes (such as FABP4 and PPARγ) in MSCs through promotion of adipogenesis (35) . Bai et al (36) identified that knockout of Notch1, Notch2 and Notch3 in bone macrophagocytes increases the differentiation of mononuclear macrophages into OC, and that deficiency of Notch1 reduces the release of osteoprotegerin. Activation of Notch signaling thus enhances the differentiation of MSCs into adipocytes and suppresses their differentiation into OB (21, 22) .
The present study shows that ICA treatment suppresses the expression of N1ICD and Jagged1 proteins, and promotes the expression of Notch2 mRNA. N1ICD is the active intracellular form of the Notch1 receptor, which serves an important role within the cell by regulating downstream target genes (37, 38) . This suggests that the beneficial effect of ICA on OP may be associated with the regulation of Notch signaling, which increases the expression of adipocyte differentiation transcription factors. The results of the present study agree with those of Zanotti et al (39) , which showed that an increase in N1ICD reduces the expression of Notch2 mRNA. It is proposed, therefore, that Notch2 depresses Notch signaling, through negative feedback of Notch1.
PPARγ and C/EBP family proteins are two of the primary transcription factors that directly affect preadipocyte proliferation and differentiation. Ugarte et al (40) identified that the enhancement of Notch signaling suppresses the differentiation of MSCs into adipocytes by inhibition of PPARγ and FABP4 gene expression. The inhibition of osteogenesis is possibly associated with PPARγ, one of the important factors controlling adipogenic differentiation. Once activated, PPARγ can spontaneously initiate the process of adipogenic differentiation (19) . C/EBPα was the first transcription factor proven to serve an important role in the process of adipocyte differentiation (41) . Additionally, there is a synergistic interaction between C/EBPα and PPARγ. PPARγ activates C/EBPα expression, and C/EBPα has a positive feedback effect on PPARγ. The combination of C/EBPα and PPARγ activates the expression of genes associated with differentiation. The expression of PPARγ mRNA and C/EBPα mRNA directly reflects the adipocyte differentiation status of MSCs.
In the present study, the expression of PPARγ, C/EBPα and FABP4 mRNA were significantly reduced following treatment with ICA (250 mg/kg/day). This is in agreement with a study by Lewis et al (42) , which showed that PPARγ, C/EBPα and FABP4 mRNA are significantly increased in animals with OP compared with normal animals. The pathogenesis of OP was thus shown to be closely associated with enhanced differentiation of MSCs into adipocytes and suppressed differentiation of MSCs into OB. The results of the current study suggest that ICA has a beneficial effect on OP by suppressing differentiation of MSCs into adipocytes through reduced expression of mRNA for adipogenesis correlation factors, PPARγ, C/EBPα and FABP4.
In conclusion, the current study demonstrated that ICA has a beneficial effect on OP rats, with 250 mg/kg/day being the most effective of the doses examined. With its good safety profile, ICA could be a promising candidate for further development as a way of treating and preventing OP. ICA is, however, likely to inhibit differentiation of MSCs into adipocytes by suppressing the expression of PPARγ, C/EBPα and FABP4 mRNA. ICA may also inhibit Notch2 mRNA expression through the inhibition of N1ICD expression. Further preclinical investigations will be required to better define the pharmacological targets of ICA and to dissect the associations between the different signaling pathways involved in the treatment of OP (Fig. 7) .
